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K » More Important Symbols Used

a= d53[1h3d1 Variation in 1ift coefficient of glider as a function of the
_ angle of incidence.
ax==i;Zf[lkmﬂ Variation in 1ift coefficient of control surfaces as a

function of the angle of incidence of the control

surfaces.

3C . L. . . . .
d; = ;"[U rad] Variation in 1lift coefficient of control surfaces as a

function of angle of deflection of elevator.

Coa | Coefficient of moment inclining glider, deriving from aero-
dynamic forces.
Cou | Coefficient of moment inclining glider, deriving from towing

cable.

\CH.C: Aerodynamic coefficients of force normal and tangent to

¥

cable determined in relation to diameter and unit length

of cable.
C: Aerodynamic coefficient of aerodynamic 1lift.
4 ’ié;ﬁ Aerodynamic coefficient of resistance.

anl '.D{ameter of towing cable.
lm/secﬁ Acceleration of gravity.
1 hzhm Coordinate of towing attachment lock of glider measured
vertically relative to center of gravity.

;;,?;_?Cmc - Static margin of glider in free flight.

i =T,
] —  dCy ' Static margin of glider in towed flight.
: e —Te,
| ‘h dCat ‘ Variation in static margin of glider caused by towing.
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TP [kel

Moment of inertia of glider relative to transverse axis.

Coordinate of towing attachment lock of glider measured
horizontally relative to center of gravity.

Length of cable, free and under load.

Average aerodynamic chord.

Distance of axis of rotation of elevator from center of
gravity of glider.

Aerodynamic derivatives of moment of inclination relative to
variation in longitudinal velocity, vertical velocity,
rate of variation in angle of incidence, and angular
velocity of inclination in dimensionless form.

Mass of glider.

Moment inclining glider.

Aerodynamic force normal to cable and acting on one meter of

length.
Aerodynamic force normal to cable.
Aerodynamic force tangent to cable.
Aerodynamic fa;ce of resistance.
Aerodynamic buoyancy (lift).
Elevator drag.
Elevator lift.

Unit weight of running meter of cable.

Glider weight.

- Reynolds number.

Lifting surface of glider wings.
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kg
" Tikgl
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“ulm/kg]

v k]

Us = v [m/Kg]
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x fm}

\“x':’;, Xz1

Lifting surface of elevator. ’

Tangent aerodynamic force acting on one meter of cable
length.

Time.

Cable tension.

Force deriving from cable and acting on glider towing
attachment lock.

Variation in horizontal velocity.

Variation in vertical velocity.

Flight speed.

Distance of center of gravity from aerodynamic center.

Horizoﬁtal distance between ends of towing cable.

Cable derivatives of horizontal component of force of

tension of cable relative to horizontal and vertical

displacement in dimensionless form.

A Xu»XwsX¢ erodynamic derivatives of horizontal component of aero-

dynamic force relative to variations in horizontal, vert-
ical, and aﬂ;ular velocity of inclination in dimensionless
form.

Horizontal component of cable tension applied to glider
towing attachment lock and acting in direction of flight

Vertical distance between ends of't9wing cable.

Vertical distance of aerodynamic center from center of
gravity.

of axis of rotation of elevator from

Vertical distance
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center of gravity.

Cable derivatives of vertical component of force of cable
tension relative to horizontal and vertical displacement
in dimensionless form.

Aerodynamic derivatives of vertical component of aero-
dynamic force relative to variations in horizontal, vert-
ical, and angular velocity of inclination in dimensionless
form.

Vertical component of force of tension applied to glider

towing attachment lock and acting normal to the direction

of flight.

Angle of incidence of glider.

Angle of incidence of vertical tail unit.

Angle of elevator displacement.

Angle of displacement of streams flowing from wing.

Angle of slope of towing cable relative to line of flight
measured at the glider towing attachment lock.

Angle of slope‘bf towing cable relative to line of flight
measured at aircraft towing attachment lock.

Towing angle limit due to equilibrium of forces.

Limit of towing angle due to equilibrium of moments.

CoeFfiﬂﬂﬁﬁi of elongation of cable.

Aspect ratio of glider wing.

Roots of characteristic equation in dimensionless form.

Coefficient of effectiveness of elevator unit.




5-, Damping coefficient in dimensionless form.
# ¢« Oscillation frequency in dimensionless form.

ekgsedm] Air density.
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SIMPLIFIED LONGITUDINAL-STABILITY ANALYSIS FOR A
GLIDER IN TOWED FLIGHT

Jerzy Maryniak

ABSTRACT. Discussion of the longitudinal stability of a rigid
glider towed by an aircraft in straight horizontal steady flight.
The configuration of the towing rope under the effect of aero-
dynamic forces is established, together with the equilibrium
conditions of the glider. The range of angles formed by the
towing rope and the corresponding lift coefficients are
calculated. A stability analysis performed by a small
perturbation technique proposed by Bryant, Brown, and Sweet-
ing leads to a sixth-order characteristic equation, the

roots of which may be determined by the Bairstow method.

The results indicate that the towing process does not affect
the high frequency oscillations but does enhance the fugoidal
oscillations. To reduce the latter effect, it is essential

to fly the glider below the level of the towing craft and to
attach the towing rope in front and above the glider's center
of gravity. :

1. Introduction

Towed glider flights are widely employed at the present time. Up to the
present, however, the problem of glider stability in towed flight has not been
fully solved. There are only a few papers dealing with this problem.

" In 1933 F. Janik [6] discussed the loads occurring in towed glider flight.
This paper did not deal with stability problems. It determined the configura-
tion of the towing cable, adopting approximate variation of the aerodynamic
coefficients as a function of the angle of inclination of the cable, a variation
not based on experimental results. '

Reference [12] discussed the stability of a towed glider on a short "shaft"
undergoing no deformation.

Reference [1] contains a number of publications of Bryant, Brown, and
Sweeting relating to the stability of kites and gliders in towed flight. The
authors in determining the towing angle (¢1) dealt exclusively with the equi-

librium of the forces, ignoring the equilibrium of the moments, this exerting a
considerable influence on the value of the initial data necessary for dynamic
stability calculations. While they introduced into the equations of motion the
derivative of the pitching moment relative to variation in the vertical velocity

* Numbers in the margin indicate pagination in the foreign text.
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™., as for free flight, they fail to allow for the variations deriving from

towing. With some configurations these variations are considerable and affect
the dynamic stability. In the paper in question the towing cable is treated as
being inextensible.

S. Neumark in [9] discussed the configuration of an inextensible balloon
cable on the basis of wind tunnel tests carried out in 1934 at the Aerodynamic
Institute in Warsaw. In [10] dating from 1963 he discusses the problems of
stability of a balloon on an inextensible cable. He derives the cable deriv-
ative, and determines the configurations of an inextensible cable, ignoring the
resistance of friction. In the case of glider towing the sag of the towing
cable is slight and the resistance of friction may be of the same order as the
aerodynamic force normal to the cable and must not be ignored.

The present paper discusses the case of towing of a rigid (undeformable)
glider by a heavier-than-air craft in level straight steady flight. On the
basis of [9] and [10] the configuration is determined of an extensible towing
cable, the resistance of friction being taken into account. The equilibrium and
longitudinal static stability of a glider in towed flight are discussed, and the
ranges of the towing angles and the coefficients of aerodynamic 1ift which can
be achieved during towing are determined.

The theory of small perturbations has been applied in examination of the
dynamic stability of a glider. Equations of motion have been obtained in the
form of a system of ordinary second-order differential equations with constant
coefficients [1]. This has permitted determination of the coefficients of the
characteristic equation and application of the Routh-Hurwitz stability criteria, ;s5g
as well as calculation of the roots of the characteristic equation by the B
Bairstow method.

The dynamics of the towing cable and the perturbations deriving from
unstable movements of the aircraft have not been discussed. The problem has
been solved by the method applied in dealing with stability in free flight [3,
4, 11]. This has permitted mutual_comparison of the results corresponding to
free flight and towed flight and has simplified analysis.

Stability analysis has been made on the basis of numerical calculations
performed for a high-performance glider. The position relative to the towing
aircraft, the towing speed, the location of the towing attachment lock relative
to the center of gravity of the glider, and the length of the towing cable have
been investigated from the standpoint of effect on glider stability.

2. Aerodynamics of Towing Cable
/60
In order to determine the configuration of the towing cable it is necessary
to know the aerodynamic forces as well as to have data on the unit weight and
the elastic properties of the cable. Because of the variability of the angle of
slope of the cable in relation to the line of flight it is necessary to
determine the coefficient of 1lift CZl and the coefficient of resistance Cxl as a
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function of the angle of slope of
the cable ¢.

The coefficient of aerodynamic
resistance of a cable set perpendi- -
cular to the air flow (¢ = 90°) is

- designated by C , and the coefficient

+0

of friction resistance of a cable set

X parallel in the flow (¢ = 0), has
" been designated by Ce-

-0

The aerodynamic forces acting
/ on an element of cable of length 1
N . and diameter d inclined at an angle ¢
' I to the flow of a velocity V (Flgure 1)
: has been considered.

The aerodynamic forces defined

Figure 1. Distribution of by the coefficients are o‘f‘ the form

Velocities and Aerodynamic

Forces Acting on Cable Ele- ; 1 ) 1
ment of Length 7 and Dia- | Pa= —i-gldVZC sinZg, P,—--—z-eldeC,cos«p

meter d. e —

resolving forces P, and P, in the direction normal and tangent to the flow we
obtain:

Py=P cosqp—P sing = —2-gldV2(C sm2q>cos¢—C,sm<;COS’?>)w

-' . (2.1)
 Pi= P.sin¢+P,c05¢ = ‘—-;- pldV(C,sin’g +_C,cos$<p).

the 1ift acting on cable element PzZ and the force of resistance sz are
determined by means of coefficients CzZ and Cx:

i 2.2
; Pﬂ = ";‘QldVZC,,, le = .feldyzcxb ( )

.~ . o

where
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Ca = C,sin’pcosg—C,sinpcos?ep,

Cxu = C,sindp+ C,cos3p. (2.3)

The values of C, and Ct have been selected so that relations (2.3) will agree
with the experimental results of [9 and 13] (cf. Figure 2).

C.=1,15 C,=0,035.

In Figure 2 the curves designated by N were obtained by S. Neumark during aero-
dynamic tests of balloon cables in 1934 at the Aerodynamic Institute in Warsaw
[9]. On the other hand, the curves designated by the symbol W were given by

K. D. Wood [13]. Functions (2.3) of the aerodynamic coefficients may be applied
for towing cables over the entire range of velocities employed in towing
gliders. The range of Reynolds numbers for towing cables embraces the values

Re = (1 + 6)+10%. The maximum values of the Reynolds number are far below the
critical Reynolds number Re_. = (1.8 + 5)+105 [2 and 13]. This gives us the

assurance that we will always be in the subcritical range and that in calcula-
tions there is no need to conduct aerodynamic tests for individual towing cables

[9].

3. Characteristics of Towing Cable

The following table gives the unit weights g of towing cables, the coeffi-
cients of elongation defined as A = AZ/PZO, and the diameters 4 of cables

employed at the present time in Poland for towing gliders [14].

: (. (3leType Cable Description ) gxe/w)  (U/ke)

A Goiled stylon cable 20070 a8 o017

: B . Braided stylon cable 0,0067 y )

: " . 0,0083 0,0462 0,00035

: C  Braided stylon cable 00082 oois 0.00038

) b Coiled stylon cable » . ’ s |




(d}:'l Cad» Cn .sin’y sy ~ Cp costy sing
— Cadn Cn sin'y + Cecos’y
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=== Wood's curves _ '
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Figure 2. Experimental and Theoretical Curves of Aerodynamic
Lift and Resistance Coefficients Versus Variation in Angle of
Inclination

L., Configuration of Towing Cable /62

In considering the problems of equilibrium and stability of gliders in
towed flight it is necessary to kndw the forces'T1 on the glider towing lock

attachment as a function of the coordinates of the ends of the towing cable,
%, 31, and angles ¢0 and ¢1 relative to the line of flight, which the cable

creates on the towing attachments of the aircraft and the glider (Figure 3).

Let us consider the case of towing of a glider in which the towing aircraft
is in steady, horizontal, straight flight, while the glider may assume any
position in the vertical plane in the line of flight.

The towing cable is regarded as an ideally flexible and heavy connector to
which aerodynamic forces are applied. The bending moments due to rigidity of
the cable may be ignored in the case of a towing cable [5, 7, 8].

A cable element dl has been considered to which is applied the force of
tension of the cable T and T + dT, dead weight gdl, tangent aerodynamic force




t cos? ¢dl, and normal aerodynamic force n sin2 ¢dl have been applied (Figure 4).
The following notation has been introduced:

L g I I
n=~2—ng§C., = > edV2C,.

/I

Figure 3. Geometric Quantities Characterizing the Towing
of a Glider

The equations for projection of the forces in the directions tangent and
normal to the cable element are of the form

— T+ (T+dT)cos(dp)+tcos*pdi—gsingdl = 0,
- —(T+4dT)dp+nsin2@dl+gcospdl = 0. ¥

]
i

(4.1)

After conversions, the small terms of a higher order being ignored, and /63
introduction of the dimensionless coefficient of cable weight

—pdV?




we obtain

St sing— —g— coslep

relation
i
‘ Te Tyen |
= T4 = Ki, (4.3)
where
Figt.Jre L, Distribution of Forces . Ctgy!;éos¢ cos 2y
Acting on Cable Element of Length T = tEv 10050
dt [\ BpTCosy (4.4)
o q 2¢ tg2y (]//1 ey, q’)
=t — - arc h -
n c, C0521p[ s.in21p+yl_——tgzzp tg TTigy g5 + -,
ST T T T 2cgly ( /ctgy—1 q,)]
———=——arct - tg =11. (4.5)
+ Vetg?y—1 5 V ctgy+1 © 2

As with 7 and 7 we obtain the
place of ¢ in (4.4) and (4.5).

By applying relation (4.3) we
of the cable, provided we know the

-g—; cosp-sinp

dp.

4.2)

After introducing the new
constants [10]

C G 28 g2y
3 -CT:=2ctg21p, -E.:—-2cq°8’l’

and integrating (4.2) we obtain the

functions of T and n5 substituting ¢1 in

can calculate the cable tension at any point
value of ¢ and T at one of its ends.
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From the second equation of (4.1) we obtain
' Tdg = (geosq-+nsin’g)dl. (4.6)

after substituting relation (4.3) in (4.6) we obtain the length of the towing
cable in the integral form

@
Tien 2 e’ @.7)
‘IT_Qde’ C,cosp+ Casin’e dp.

1= -

The coordinates of the ends of the towing cable x, and 2, (Figure 3) are calcu-

1
lated on the basis of the geometric relations

dx, = dlcosp, dz= dlsin;};;

we obtain ,
. ) ’l. )

X = Tiem 2 f Te”"cosgp

T ede’. Cycosp+C,sin’p P> (4.8)
Tien 2 [ rsing

=N Te~'sing

2 n edV"’ C.cosp+C,sinp dp- (4.9)
] 7 : .

We change the limits of integration in order to introduce the new functions

. —
2 Te~"
= gdv? intg 7>

o] g Cicosp+Cpsin’ep

u (4.10)

. (4.11)
=2 2 e~ "cosg d
ngz‘i C.cosp-+C,sin’p Ps




L d
. 2 I te~"sing

V= edV? ) Cicosp+C,sin'p

dp.
(4.12)

The length of the towing cable is determined by use of functions (4.10) to
(4.12) and relation (4.3):

h = Ki(ui— po) (4.13)

and the coordinates of the end of the cable at the glider towing attachment
relative to the towing attachment of the towing aircraft:

X1 #'Kl(UXon), (4.14)
Cn=K—w). . (4.15)

for ‘the extensible cables employed for towing the following has Been adopted:

h=h(1+2T1); (4.16)

by taking into account the changes in tension T along the cable we obtain the
differences of = (0.01% in relation to Zl calculated from (4.16) and = 3% in
relation to AZi (elongation).

Figures 5a and 5b give examples of the functions u, o, v, 7, and en
obtained after numerical integratiom of (4.10) to (4.12) for a type C cable and
a towing speed V = 20 m/sec and 50 m/sec.

The towing angle ¢1 and the Cz of towing corresponding to it we determine

on the basis of section 6, this permitting calculation of the force on the
glider towing attachment Tl' From relation (4.16) we calculate the total length

of the cable Zl, and from the diagrams of Figure 5 for the value of ¢1 we find

this permitting calculation of k from equations (4.3) and

Hps 91 8nd ¥y, 0
(4.13). From the diagram in Figure 5 we find for the value #O the angle ¢0, and

then “ and Vo Using (4.14) and (4.15) we calculate the coordinates of the

ends of the cable"x1 and 3.
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Figure 5a. Functions of Length # and Coordinates of Ends of Cable ¢
and v for 'I:ype C Cables at Towing Speeds of 20 and 50 m/sec
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‘Type C cable g =00462 kg/m . S
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Figure 5b. Functions 7 and ¢! for Type C Cable at Towing Speeds
of 20 and 50 m/sec
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5. Coefficients of Forces Deriving from Towing Cable (Cable Derivatives) /67

In order to determine the forces deriving from the towing cable we assume
the variation in the forces with the displacement of the ends of the cable
relative to each other to be linear in nature.

On the analogy of the aerodynamic derivatives employed in investigation of
the stability of aircraft, we have introduced the cable derivatives (coeffi-
cients of forces) which are defined as follows:

RPRY'S

&xy &x!

x =4 it
ak Cxy ? X:' éz’

1 ‘Z' CZ'

; Zx. bX( Zix = e-.

| V.

The varlatlons in the forces deriving from the towing cable are represented
by means of the cable derivatives

dX{ = X} dxi+X} dzl,»

| azi= Zf"d.\l L2l dz 5.1)

Force T1 deriving from the towing cable is applied to the attachment at angle ¢1
relative to the line of flight, and its corresponding components are:

——— e et e eame

X‘ T,cosr,,, z.-T,smq; (5.2)

We obtain the variation in the force after differentiation of relation (5.2):
dX' dT;cosm—T;dq;smqr;,
v dZ! = dTsingst Tidy1C0SP1- 5.5

If we introduce into (5.3) the dependence on dT1 and T1d¢1 expressed by the

elementary displacements dxl and dzl and Tl’ Zl, Tys 2y, ¢1, and ¢?, after
equation with (5.1) we calculate the cable derivatives X_ , Xz , Z_ , and ZZ .
acl zl xl xl

After converting (4.2) and (4.3) and introducing them into (4.6), we
obtain the dependence on the elementary cable length

12
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— T; ,;__" TT' 2 (1 )
dl -?l- 1 C Slnq Qde ‘. (5.4)
and similarly
T, " fT COS‘P 2 d :
d" = ¢ °C Sing e(’"’ L (5.5)
. _ T ;,_ w2,
d..-—-;-l- ! Cq QdV2d¢ : (5.6)

| G - -

By use of relations (5.4) to (5.6) three equations are obtained which
represent the change in cable length and the changes in the coordinates of the
position of the cable ends under the influence of change in force dTl and towing

anglesrdlﬁbl and d¢0 as in [10]:

! Titi - 2 - _ Tito - 2 .T =" g .,)'dT" .
,'i:'dT-‘——-d%(sman odVaCy nh) singo ngZC T‘e W - : N

- - -

— (5.8)

xi T g, (TSP 2 -—r.\')+
a0t d‘f‘( singr 0dViC,
’ " Titecosgo 2 M=o hcosg AdT+dxy,
- smflo“ pdV2C, nel Fo=lEBpARIITER (5.9)

after converting equations (5.7) to (5.9) and eliminating r'0d¢0 and 7 '1d¢1 we

obtain the relations -
2 ot | T .‘-—; 2 To S em=tde, = l;sin |;dT1+d21 "
. 'T dTr——-— dgs Tm-—J-V'—C—q“"T!-' - ’medVIC, n Fo = hisng (5.10)
1 T T T
dT, = 7;‘(1“:,7,755«';-”6{""“ [Ti(sing1—singo)—gsingi(zi—hsingo)]+ (5.11)

+dz, [Ti(cosge—cosgi)—gsing; (heosgo—x1)}}

where

13

/68



¥d

T L F e R I T - . . J N L

qcosm-l- nsini¢y _
Tidys = S gl 2sing) { x, [isinge— 21+ ATh/ (singi—singo)] +

. o +dz’[x‘_[,mm-{-J&T,l,(cos_q:o.—cosw)}}, (5.12)

Substituting relations (5.10) and (5.11) in equations (5.3) and arranging rela-
tive to dxl and dzl, we obtain the cable derivatives in the form:

XL, = MXo—AXE, XL = AX~AaX],

zZ, = Amm Asz,. zi‘ A,z' +Azz,l, ' (5.13)
where
o AT,
As == ‘ (5.14)

i=dghsing;’ A= g

The terms X' _ , X' , Z'_ , and Z' are the cable derivatives calculated
Ty 2 x, 34 .

by S. Neumark [10] for inextensible cables. When the coefficient of inextens-
ibility A = 0, expressions (5.13) for cable derivatives coincide with the

results of S. Neumark: . .

. 1 . . . . .
X,l =5 [Ticosq:(sing—singo)+nsindg 1 (z1—hsingo)],

X;, - —¢1§— [T,cosr.ri(cosr,'o—-cos¢x)-~!—nsin3(;~n (hicosgo—x1)],
i (5.15)
VARES 5 [TxSln(px(Slnfrl—Sm(fo) (q+nsm~q';cosqn)(z;—Ilsm¢o)]
P, -
Z; = T [T;smm(cosqo—cosgn) (q+nsm2¢,cos<p.) (Ixcosq"o—x:)]
The other terms of the cable derivatives are of the form: /69
Xz, = -—‘;— singi (singy —singo) (gcosgy+nsin2g,),
Xi = %-simp; cos@o—COoS Q) (qcosqz;-}—nsinzfp;), (5.16)
"t I
Ze = %—cosqzx(smm—-smqo, \qcos¢1+nsm2<p1)
Z, = —5- cos@1 (Cosgo—COsg) (qcosqax +nsin2py).

14
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It is relatively simple to calculate the cable derivatives by using formulas
(5.12)-(5.16). They depend on ¢1, ¢0, Tl’ Zl, Ty, 35 A, g, and n, which

quantities we calculate on the basis of section 4 of the present paper.

6. Longitudinal Equilibrium of a Glider in Towed Flight

Equilibrium of the forces and moments acting on a glider must occur in
steady horizontal towed flight (Figure 6).

Figure 6. Distribution of Forces and Moments Acting on a Glider
in Towed Flight and Geometric Relations

Three equilibrium equations are obtained:

Pz. s Q Tisingy = 0,

(6.1)
Tscosql—P =0, (6.2)
'Mo—i-P,(x,cc)Sa— sma)-LP (x,sina+z cosa)—r—P,;,(7,;c85a+,.,,sma)+ (6.3)

— T Ticosg: (h.cosa ks:sina)—Tising, (A sina+k.cosa) = 0.

After conversion and division by the sides, from equations (6.1) and (6.2) we

obtain

P (6-4)

The dependence on the aerodynamic lift of the control surfaces P H is substit-
uted in equation (6.4) [4]:

15




1 ac. oCn day . ) -
P =5 0SuVi 737;:(“ st Pu i ‘C:: ") (6.5)

- . ——

and the dependence on the aerodynamic 1ift of the glider Pz and the total
resistance P; are represented by means of the coefficients

vp = e _ 1
P:— 2—QSV-C:, Px-— 2—QSVZC

We obtain the limit of the towing angle ¢p due to equilibrium of the forces in

extreme displacement of the elevator + ﬁH nax (downward) and ;_-BH nin
(upward) :
- l ’ S” l" ql_( _.d(-“ .
g'lP oM 1C [1 - S—(WV a l du T . o
T sey L))
—;—--'S— N a "-III_—’ﬂHmm stll’ (6.6)
where

(IC: (..'C:" LC."

= - a = i a=
a du ’ City : G‘f"

—————

The force of tension of the cable arising at the glider towing attachment
is determined from equation (6.2):

T'::.cosln. (6.7)

Knowing the glider resistance Px and the towing angle ¢1, we calculate
force Tl' From equation (6.3) we determine the force PzH which must arise on

the elevator unit in order to insure equilibrium of the moments in steady
flight. After substituting force PzH as thus calculated in equation (6.4) we

obtain the formula for the dependence of the towing angle ¢1 on the coefficient

of aerodynamic 1ift of the glider Cz:
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Cronla-- (C,— 025%5) (lycosa+zysinw)+C, (h.cos a—k.sin )

1871 == Cxl(lu+k;)cosu+ Gzu+h)sina] T (6.8)

where qu{ is the coefficient of the pitching moment of the glider without
elevator unit [4] and is of the form:

- -

Cmb}l = Cm0+ C: i:s'{“ (Cx —-C; a):;s

-

Relation (6.8) defines for the given lift coefficient Cz the only possible

towing angle ¢.. which ensures equilibrium of the glider. These are the values
Cz of towing nécessary for towed flight of a given glider at a specific speed.

Because: of the limited value of aerodynamic 1lift PzH on the control surface

corresponding to the extreme displacement of the elevator, by using equations
(6.3) and (6.5) we obtain the limits of the towing angle ¢M due to equilibrium

of the moments:

) Sy [Vie) i de
Cronla+-Cy(h,cosa—k_sine)— -S—(—V ai(lycosa+zysina)l a 1"“17‘ -

C, (k.cosa+h.sinu)

;tg¢M =

. a» .
' ! ! bl .
\ + et -:ﬂ u;;;-;;] .
f "

<x

In Figure 7 the Cz of towing is plotted against the towing angle ¢1 and
curves of the limits due to equilibrium of the forces ¢'p and due to the equi-
librium of the moments ¢M are entered in the figure. It is to be seen from the

drawing that equilibrium of a glider in towed flight is possible only when the
curve of the values Cz of towing is within the range of the available values Cz'

This condition may be achieved by suitable location of the towing attachment and
proper structural and aerodynamic design of the elevator unit.

17
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Figure 7. Lift Coefficients Necessary for Towed Flight (values
C_ of towing) As a Function of Towing Angle $,» with Limits Due

to Euiilibrium of Forces ¢P = f(Cz) and Due to Equilibrium of

Moments ¢, = f(Cz) for Extreme Displacements of Elevator

-

7. Static Longitudinal Stability of a Glider in Towed Flight

The concept of static stability adopted in aviation is discussed at length
-in papers devoted to the dynamics of aircraft flight [3, 4, 11].

The condition of longitudinal static stability in free flight is

dc,
_ ;5;<0 (7.1)

for the positive direction of action of the moments adopted in the present paper

(the positive moment is the moment lifting the glider and causing increase in

the angle of attack).
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The static stability has to do only with the occurrence of moments causing
return of the glider to a state of equilibrium during the first moment after
perturbation of flight (3, 4, 11].

By analogy with free flight it is proposed that the concept of static
stability in free flight be introduced, with the definition th = f(Cz), i.e.,

the coefficient of the pitching moment calculated relative to the center of
gravity of the glider (Figure 6).

In dimensionless form we represent the pitching moment by means of the
coefficient

'Cus= CaatCots (7.2)

where

th designates the coefficient of pitching moment of a glider in towed
flight, : :

Cma is the coefficient of the pitching moment deriving from the aerodynamic

forces acting on the glider,

QWZ is the coefficient of the pitching moment deriving from the towing

cable.

After differentiation of (7.2) relative to Cz, we obtain

 dCp _ dCuy  dCui
dc. ~— dC. " dC.”

In accordance with the definitions adopted in aviation [3, 4, 11] we obtain

the static margin in towed flight %, in the form

By=hi+h, (7.3)
where _ . — s :
by = "'gé?jis the static margin with the control surface held in free
flight, '
By = —~%§?L is the variation in static margin deriving from the towing
cable. - £
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The static margin ﬁi in free flight has not been derived in the present

paper and has been adopted on the basis of [4] in the final form

= (7.4)

= Sulu(¥u\’ai [ de\ _ 2c, a
h==5"5 ;-(1“4-- ~¥,— = 1———-)

Cad,

Let us consider the mOmENts of Ehe forces deriving from the towing cable
(Figure 6). The components X1 and Z1 of the force deriving from cable tension

and applied to the glider towing attachment vary as a function of the angle of
attack «. We determine them by using the cable derivatives derived in section 5
of this paper:

| X! = Tlcos¢;—X§|(11=§i_r;ti-ili',coﬁ(x—k=)+X§l(k:sinu——h:coéex{-lo:)., |
Z! = Tisingi—Z} (h.sina-+k,cosa—k )+ Z} (k. sina—hcosu+-hy). - (7.5)

!

—— -

The moment of the forces deriving from the cable is of the form

My = Xi(h.cosa—ksinu)—Zi(k,cosa+h,sina). (7.6)

After substituting relations (7.5) and (6.7) in (7.6) and taking into account
the fact that angle of attack a is small

.- e mee e e

2
. a
sina x> a, Cosa =X l--2~

and dividing the equation for the moments by 1/2pSVZZa, we obtain the coeffi-
cient of the moment in dimensionless form:

P .
L3

2 (7.7

- C.,,,l = — VX,‘TI: ‘.T\-'_E-)(';i;:" "-:l:::)ln + (?x,il; "'?:;l‘—"':) (1:'-:’1';' h‘—:‘lz) L=+

—

@ FehMasahs Sy — G K+ BILK,
+ Cx(h: ‘”E: tgg))—Cru (.L_—: -+ h—= tgq1)+Cx "2. (‘:’: 3:0 2 'ﬁ:) :

where
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Z , 3. , and 2, are obtained analogously to z. .
1 zl xl

The resistance coefficient C& and angle of attack @« are represented as

functions of the 1ift coefficient Cz [4], and then relation (7.7) is differ-
entiated relative to Cz. ‘

We obtain the variation in the static margin Ei deriving from towing:

= AR+ ARG+ AR (), (7.8)

AR = —a—{T:z |Fam —C‘-;-cc,‘+zzx.)]+

+k.[‘-z, z (-x1+2xz;)] '[:t-zl-*—.i‘lj*— %E‘l_igl)]} ’ (7 9

o ofeh T3¢ fac, c.c. 20 ]

AhCk) = k|- 4 = | STi _ZE x| S .

] k) _ﬁ L wad, " \nd. a .’ta’A,)tg(r‘]’ (7.10)
G cm. GGy 2C) | c,° 3C? ;

Ah(h:) = ""‘L—:A 7 " nad Uz T a0 (7.11)

AR (1) indicates the variatiom in the static stability deriving from
the towing cable. It depends on the properties of the cable
(unit weight, diameter, extensibility, length), the config-
uration of the cable, and the position of the towing
attachment. This quantity causes increase or decrease in
the static margin, depending on the configuration;

AT (k) indicates the variation in the static margin deriving from
o displacement of the towing attachment horizontally relative
to the center of gravity of the glider; it depends on the
aerodynamic data of the glider. Displacement of the
attachment forward relative to the center of gravity of the
glider causes this value to be always positive and produces
increase in the static margin;
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AFIZ;) indicates the variation in the static margin caused by
displacement of the towing attachment vertically relative
to the center of gravity of the glider. Displacement of
the attachment below the center of gravity chiefly causes
decrease in the static margin.

The static margin in towed flight ﬁ% is defined by (7.3) after preceding

calculation of Fl from (7.4) and h, from (7.8).

As we see, the variations in the static margin caused by towing depend on
many factors and may therefore cause increase or decrease in the static stabil-
ity in relation to the static margin E&, corresponding to free flight with the

control :surface held.

The influence of the individual factors on the longitudinal static margin
will be discussed in detail in section 9 of the present paper.

The static margin affects the dynamic stability of a glider. It appears in

differential equations of motion as coefficient w of the aerodynamic derivative

m. .
w

8. Simplified Analysis of Longitudinal Dynamic Stability of a Glider in Towed
Flight

The equations of motion of a glider in towed flight have been derived by
considering the small perturbations of steady horizontal straight flight; this
has permitted linearization of the equations. The linearization has made it

possible to obtain solutions in a simple form for more convenient stability
analysis.

The small perturbations are designated as follows (Figure 8):

x'l, z'l variation in position of center of gravity of glider relative to
system xl,zlconnected to aircraft,
6 variation in angle of inclination (rotation relative to center
of gravity),

u, w components of variations in velocity related to glider in the
directions of the axes x and z (related to glider),

q variation in angular velocity of inclination,

u,, w; components of variations in glider speed in directions of

axes xi and Zy (related to aircraft).

The equations of motion of a glider in free flight relative to the axes
relating to the glider (@, 2) are given in [3, 4, 11]. After we introduce into
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them the forces deriving from the towing cable we obtain

‘ mit = —mgdcos O+ X, u+X wtX,g+XE x{+X! 1+ X350,
mQv—Uhg) = mgdsin@,+Zu+Z, w+2Z,q+2ZL X1+ ZL 21+ Zyd,

g = Mu+M,w+Mw+Mq-+ML x + ML o1+ M50,
g=1d. '

e - —y —

(8.1)

S

: A
W
\
. o p
'\ 8 {
DS
Y L {. X,y X,' : =X
L ‘ :

- — -

Figure 8. Variation in Glider Positioﬁ Caused by Perturbation Relative
to Straight Horizontal Steady Flight; Interrelations in Coordinate
Systems Adopted

It is assumed that the towing~unit (aircraft plus glider) were in horiz-
ontal steady straight flight, 91 = 0, Taking this assumption into account and

using the relations derived in (3], we obtain

K =u=uwu, (8.2)

e Ule') = \s".“. o (8.3)

converting relation (8.3) we obtain

23




w=H+U0 = w"+ U,d. |

- —

Substituting relations (8.2) and (8.4) in equation (8.1), we obtain a
system of ordinary differential equations with constant coefficients:

miy = Xulll“:'x“.(l;’l+U| 55;‘"Xq‘.1":'X;,-\':":“X.i,;:+X.JI;'9-—mg¢9,

i = Zut+ 2,00+ U D)+ Zyg-+ 2L 54 21,54 250, |

L= Mo+ Mo(wi+ U1 0)+ M, (- Ung)+ Mg+ ML xi+ME =+ MLD,
g=9. - : e o

The coefficients of the forces and moments in the case of variations in velocity
are termed aerodynamic derivatives [3, 4, 11], and we designate them, for
example:

- ax oz M
'Xuzﬁ‘l;’ Zq—zs'zl_’ MW" a‘-v’

Lol . .

and in the case of displacements, are termed cable derivatives (section 5) and
[10], e.g.:

fo X . €2} i eM!
T (.’.\‘( ’ - P.\', i 4 ci )

The aerodynamic derivatives appearing in system of equations (8.5) are not
derived in the present paper. They are widely discussed and derived in many
papers dealing with the dynamics of aircraft flight.

By use of [3] the aerodynamic derivatives in dimensionless form employed in
the range of small velocities (the compressibility of air not being taken into
account) are cited in final form. ,

The derivatives of the aerodynamic forces and moments as a function of
variation in velocity are:
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, dC:)
: , . (8.6)

[ ] ’
m, =C, . .
Iy

The derivatives of the , aerodynamic ,forces as a function of the angle of

inclination are:

- mgcosO; mg :
(8.7)

,,§f/'2“ = oSV

The aerodynamic derivatives as a function of the angular velocity of

pitching for simple™ tapered wings are:

Su cCen f ___a_C_;)I dv
= 06 S (Czll -y )+ 2SI” \C' du xa),

dc. (_3‘ 1,‘)1‘1)’ (s.8)

2
Sk éCen _ 1 f I_l dc. {, _1,‘.) L_‘1__(1 dC-)] £d
=—06 E—(Cx"+'ca,,) Slu A 8 du 1-2 1] 3210 T du “-
-t -

The aerodynamic derivative of the pitching moment relative to the rate of

L 1 Su CC-H d*
My ="T73"S Gcy da’

change in the angle of attack is:

(8.9)

The derivative of the pitching moment relative to the vertical velocity
depends both on the aerodynamic properties of the glider and on the configur-

ation and characteristics of the towing cable:

RIS BUIr SR GO NN
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using (7.2) and (7.3) we obtain

dC, _dC,[dC,, . dC, dcC, — -
da ~ da (dc, Ta, | = T et
Hence
mh, = m,+m,,
where /
1 L dC,- 11, dC, -
my = ———oe——= ! = ———-2 72
i R R (8.10)
the linear derivatives of the forces relative to displacements Xi , Xi , Zi ,
1 1 1
and Zi of the end of the cable have been derived in section 5 of the present
1
paper.

——

The linear derivatives of the pitching moment relative to the displacements
and the angle of inclination and the linear derivatives of the forces relative
to the angle of inclination are derived below.

The variations in the forces and moments deriving from the cable as a
function of the displacement and variation in the angle of inclination are of
the form ‘

Xt = XL dv 4 X dsy 4 X5d0,
dz! = Z\ da+Z} dzi+Zd?,
dﬂ!{ = M,’“dxl-i-Mﬁldz;-i-M!;dz?.
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allowing for the variation in the angle of inclination df, we obtain (Figure 6)

dx! = XL dvy+Xidar (X5 ha— XL Ko+ Tising)d?,
dZ! = Z% dxi+ 2L dn 4 (Zh b — Z ko — Thcosgn)dd
dM! = dX'h,—dZik; = (X% ho— 2t k) dxa+ (XE he— 2 kYdmt
+ XL R - (XL ZL Yh k2 K2+ Th (h:siqql-i-k:cosrfx)]d?.

the cable derivatives in the above equations are the coefficients of dxl, dzl,
and df.

The cable derivatives are given below in dimensionless form:

X; l" ) X:' " o} , - ' ’ :
Xx, = ';J‘S'li}_z’v le = ‘Z,‘S‘IV‘{, X3 = Wj,(kilh:—-le‘k:-*— T;sinqu), ’ .
_ZLly - _?_;Ju .1

2y, == P2 Y 2 A 7 (Z,',‘hz—Zilk:—-T,cqs%),

1

My, = ""—(Xi h:’_zz’: k),

toesyrTA ‘ (8.11)
o1

M = e (X he— 25 k),
! ' n

my = 5?:'/’27;[){"‘*"3“(Xé*fzi*?"=k‘f2§*k§+r' (.hzsvmcp1+k,?qs¢?)].

All aerodynamic and linear derivatives being known, we proceed to solve /77

system of equations (8.5). System_,c_)f equations (8.5) is converted to dimension-
Mess form by dividing the equations of forces by pV2S, and the equation for the
moments by pVZSZH, and by introducing the following expressions in accordance

with the terms adopted in aviation [3, 12, 13]:

A m . )
= aerodynamic time,

. -l—“—=lﬁ' relative density of aircraft,
7=4 dimensionless time,
i S
., _ Iy dimensionless moment of inertia,
I = ity
o ll[i -W| . . o « L.
. = W = v dimensionless linear velocities,

J?i=qr' dimensionless angular velocity of pitching,
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_ mm, ;’. _ L |
my, = — — = e y = haryat
u 7y ’ w Jy Jy
. m ) 1y m . Mmsg
nme = — ﬁ‘.i'_'w. mx‘ = —’ll - x_i' r:l = ——,__‘_.E" ng = —-
> Jy Jy I Iy

It has also been assumed that the axes related to the glider have been selected
so that the direction of velocity V before the perturbation of the equilibrium
agreed with the direction of the x axis selected, i.e., U1 = V. A system of
equatjons in dimensionless form is obtained: :

du,

- X, — - . _
—= XUy — X, Wy — "—:‘ q'—xnxl_x:,zl"-"(xa'—'xw"'xl'()ﬂ =0,
. 1

- T, - -
—2z, 1+ iﬁ_—' —z - q—z,lx;——z,‘zl——(zw—f-za)z? =0,
dr . .

_ _ . (8.12)
Tt Ty Tt (7n“,,+ —’-"-!'-)a+37,‘§1+"=ﬁ,+(»7:+m,)0 =0,
- dr dt Hy
= -, = —, ] = —=—.
= M dr

The general solution of the system of equations is anticipated in the form

X1 = Xoe“, 71 = zo€*’, = Jpe

Afte%_§ubstituting the above relations in system of equations (8.12), dividing
by e t, and ordering relative to Zq 2 and 00, we obtain a system of homogene-

ous equations. The condition of solution of this system is that the determinant
of the coefficients of Tos Zgs and 90 = 0. After expanding the determinant and

ordering relative to the powers of X, we obtain the characteristic eq?ation in the
form

784 BB (Ci+CY A4+ (D1+ DY P+ (Ei+ E) 2+ FIZ+G} = 0, (8.13)

where coefficients Bl, Cl’ Dl’ and El are the coefficients of a characteristic

quadratic equation in the case of free glider flight [3].

The coefficients of characteristic equation (8.13) could be separated into
the portion corresponding to free flight and the portion allowing for the
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influence of towing.

The coefficients of the characteristic equation for free flight are

m“

By = B= —(x,55) i+ (1419 = ot
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The variations in the coefficients of the characteristic equation

towing are:
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The Routh-Hurwitz stability criteria relating to small perturbations of
steady movement set the condition that all coefficients of characteristic equa-
tion (8.13) be positive: :

B\, C,DEFG>0 (8.14)

as well as that the Routh discriminant be greater than zero [1]:

RE lof:—11 >0, (8.15)
where
B 1 0 B 1 o0 82 1 0
de=D C B, 4=D C B. d=F g p
: F £ D . 0 G F 0 G F
where
30




B =8, C—-C C,, D=D-D,, E=E-+E, F=F, G=Gi,

To determine whether the glider is stable in towed flight it suffices to
check the Routh-Hurwitz criteria of (8.14) and (8.15).

In the case of the solution of equation (8.13) the roots obtained are of

" the form

A= GENL (8.16)

and for a stable glider the damping cogqfficients areg Z <90, i.e., the motion is
damped and the glider is dynamically stab1§

*The roots of the characteristic equatlo}x (eigenvalues) being known, we can
calculate the eigen vectors using two equations of system (8.12) in. the form

(Zi—x,i..——x,‘)?{—-(x.,f.-%x,‘ Eree (Ef 7..—x,+x,+x3,) 9" =0,
‘ N | (8.17)
—(“u; *"Ij)xl (;2 .u :21)3:_ (i‘i' ]'u':" zv'*":.'.i) " = Oa ‘

.o ——

where Tn are the corresponding eigen values, and ;rlz’ ET, and 8" are the eigen

vectors corresponding to them.

We obtain the equations describing the movement of the glider after perturba-
tion in the form

X 6 _?‘-*, .
>, -, =n 'An
2 =2A" P '. (8.18)

0 A=l {)-J ¢

Theconstants Kn are calculated from the initial conditions for £ = 0.

9. Numerical Example and Conclusions
As an example calculations have been made for a prototype high-performance

glider. In the calculations the towing parameters have been changed in succes-
sion so that it will be possible to find the influence of the individual factors
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on the stability of the glider in towed flight. At the same time, calculations
have been made for stability in free flight and compared with the results of
calculations for towed flight. A type C cable, the one the most frequently
employed in practice, has been adopted for the calculations.

In the diagrams the variations in the coefficients & of damping have been
drawn in continuous lines, and the variation in velocity 7 as a function of the
towing parameters in broken lines. The thick continuous lines and the broken
lines characterize the towed flight of a glider, and the thin lines the free
flight of a glider under conditions equivalent to towed flight.

All calculations were performed by a GIER digital computer in accordance
with programs in GIER-ALGOL III language. The characteristic sixth-order
equation was solved by the Bairstow method [15], this making it possible to find
the complex roots.

9.1. Influence of position of glider relative to towing aircraft on
stability. The glider is towed on a cable of a length of ZO =50 m at a

constant speed of V = 30 m/sec. The glider may be displaced in the vertical
plane 2, = t20 m relative to the line of flight of the towing aircraft. The

variation in the static margin is shown in Figure 9 calculated from (7.4),
(7.8), and (7.3).

After solution of characteristic equation (8.13) six roots were obtained
(8.16), which constitute the eigenvalues of the system. There appear two

complex conjugate roots i* = &Lzt = &1 7} corresponding to periodic motion of
h . TR IR 7 s s s .

the glider and two real roots)f= {51 1._3-}—:_ &% ,corresponding to aperiodic motion.

The variation in the eigenvalues is shown in Figure 10 plotted as a function of

the position.

By way of example the eigen vectors calculated from equations (8.17) for a
selected towing angle of ¢1 = 20° are given below; this has permitted proper

determination of the natural forms of the system.

J

2 | —2ss0xi2sat | 0168£i0216 ~0256 | —0017

1 ! -

| . ) RN

x% ‘ 1E 1+i 1 b
" 0,046 + £ 2,650 2,105 0,641 | —0121 2,800
on 0,476+ 1415 | 0385 i33,200 0003 | 041
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The eigenvalues X? correspond to rapid strongly damped oscillations (high
oscillation frequency) about the center of gravity of the glider. The eigen-
values Xﬁ correspond to aperiodic weakly damped longitudinal displacements of
the glider, while eigenvalues XZ characterize the aperiodic very weakly damped
vertical displacements of the glider.

Eigenvalue Xg characterizes periodic phugoid movements [3] and [4] (of

small frequency, weakly damped). It affects all three types of movement. It
exerts the strongest effect on oscillations about the center of gravity, and the
least effect on horizontal displacements, Lalculation of variations in z, z,
and @ as a function of time (8.18), in relation to the initial conditions
indicates that the greatest influence on glider stability in towed flight is
exerted by perturbations causing elevation of the glider. The horizontal
displacements exert a strong influence on oscillations immediately after the
perturbation, while the vertical displacements manifest themselves after a
certain period (gradual increase in amplitude) and are weak.

The variation in the position of the glider relative to the line of flight
of the towing aircraft has a decisive effect on the phugoid oscillations (eigen-
values Xg) and aperiodic longitudinal movements of the glider (Xg) (Figure 10).
In flight of the glider below the line of flight of the towing aircraft, damped

"phugoid~movements (Eg < 0) and undamped longitudinal oscillations (gg > 0)occur,

Variation in the position of the glider has no effect on rapid oscillations

(E?, and 5?) are on aperiodic vertical displacements (Eﬁ).

Comparing the eigenvalues characterizing the free flight of a glider we see
(Figure 10) that towing exerts no effect at all on rapid oscillations

(E? = E& and 5? = ﬁi), while it exerts a strong influence on the damping of
phugoid oscillations (E? # Eé) in the case of slight frequency changes

(ﬁg ~ ﬁ}). In towed flight, as compared to free flight, two additional eigen-

values occur, ks and R4, which are predominantly real quantities and character-
ize aperiodic movements.

Elevation of the glider above the towing aircraft causes increase in the
static margin, Figure 9, but does not cause increase in the dynamic stability.

9.2. Influence of towing speed on glider stability. The glider is towed
on a type C cable of a length of ZO = 50 m at varying speeds.
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Figure 9. Variation in "Static Margin'' of a Glider As a Function
of Vertical Position Relative to Towing Aircraft
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Figure 11. Curves of Glider Equilibrium -Variation in Towing Angle ¢,

As a Function of Lift Coefficient Cz for Various Towing Speeds

The variation in the towing angle ¢1 as a function of the 1lift coefficient
of the glider Cz has been calculated from (6.8) for several towing speeds. The
equilibrium diagrams are given in Figure 11.

We see from Figure 11 that a glider may be towed at a certain speed and in
a certain position relative to the towing aircraft (¢1) only -at one value of Cz

assuring equilibrium.

In towed flight the minimum speed Vmin of a glider

flight can be reached only in a position below the line

In positions above the line of flight of the
of the glider ensues at a speed higher than the minimum

aircraft.
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With a constant towing angle ¢ . = 20° the variations in the static margin
(Figure 12) and the eigenvalues (Figure 13) have been calculated for various
towing speeds, and the eigenvalues for a towing angle of ¢ = -5° (Figure 14).

We see that varkatlon in the towing speed has no effect on the damping of
fast oscillations (E E') and a slight effect on variation in frequency
07 1) produces no differences between towed and free flight, and exerts
no effect on aperiodic vertical movements (E = const) (Figures 13 and 14). On
the other hand, increase in the damping of phugoid oscillations fg occurs with

increase in speed, especially for a glider position below the line of flight of
the towing aircraft (Figures 13 and 14). The variation in the static margin
(Figure 12) is of the same nature as for free flight.
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Flgure 17. Curves of Glider- Equnllbrnum and Variation in Towing Angle

¢. As a Function of the Lift Coefficient Cz for Various Horizontal

Positions of Towing Attachment Relative to“Center of Gravity of
Glider
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9.3. Effect of length and extensibility of towing cable on glider stabil-
ity. Calculations have been made for a glider towed at a speed of V = 30 m/sec
at a towing angle of ¢1 = 20°. The towing cable is a type C cable of variable

length (Figure 15). Then a type C cable of a length ZO = 50 m is adopted and
the coefficient of extensibility A is varied for it (Figure 16).
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Figure 18. Curves of Glider Byuilibrium for Various Vertical Positions
of Towing Attachment Relative to Center of Gravity of Glider

Variations in the length of the towing cable and its extensibility cause no
changes in the static margin as compared to free flight (if the flight is made
at a constant towing angle ¢ = const).

Variation in cable length affects only the phug01d oscillations (52, 2)
and aperiodic longitudinal displacements (Eg) but exerts no effect on rapid
oscillations (Figure 15). The extensibility of the cable has no influence on
variation in the eigenvalues (Figure 16).

9.4. Influence of position of towing attachment relative to center of
gravity of glider on equilibrium and stability. The case has been considered of
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towed flight at a speed of V = 30 m/sec on a type C cable of a length ZO =50m
at a constant towing angle ¢1 = 20°. The position of the towing cable is varied

relative to the center of gravity by displacing it from the center of gravity

horizontally forward E; at constant hz = 0 and vertically downward hz at xansx

« constant F; = 0.

Curves of equilibrium calculated from (6.8) as a function of horizontal
displacement of the towing attachment are shown in Figure 17. The influence of
vertical displacement of the attachment is shown in Figure 18. We see that
displacement of the towing attachment forward causes steeper slope of the equi-
librium curves, this in effect permitting greater movement of the elevator to
achieve equilibrium. This is an important factor for training gliders.
Vertical displacement of the towing attachment has but slight effect on equi-
librium. ’

Displacement of the towing attachment horizontally forward always causes
great increase in the statie margin (Figure 19), while displacement of the
attachment vertically downward always reduces the static margin (Figure 20).

Variations in thﬁ pggition of the towing attachment exert no effect on
rapid oscillations (El, nl), while they exert a strong influence on phugoid

oscillations (?g, ﬁg) and aperiodic displacements (fg and ?ﬁ).

Displacement of the attachment vertically forward affects the damping

G?g < 0) of phugoid oscillations and causes increase in the divergence of
aperiodic movements (E? > 0 and ?ﬁ > 0). Variation in the position of the
attachment vertically downward from the center of gravity causes increase in
damping of aperiodic movement and divergence of the phugoid oscillations.

It is to be seen from the forggoing results that-the forward position of
the towing attachment is more advantageous for reasons of equilibrium and-
stability of the glider in towed flight. . -

9.5. Influence of variation in statie margih on dynamic stability of a
glider. The static margin of a glider is affected by the design parameters, the
. aerodynamic characteristics, and the towing conditions.

‘:ft Figures 23 and 24 illustrate the variations in the eigenvalues Xh in the
case of towing at a speed corresponding to the lift coefficient Cz = 0.75 for

e two glider positions, above (Figure 23) and below (Figure 24) the line of flight
SRR of the towing aircraft. ~
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Figures 25 and 26 show the Xh function for the same glider positions, but
with a lift coefficient Cz = 0.22, this corresponding to higher speed.

It follows from these diagrams that both the damping and the frequency of
rapid oscillations in towed and free flight are identical (Figures 23-26).

Increase in the static margin exerts a stabilizing effect, since there is a

. ‘s T
decrease in positive values § .

An important factor affecting stability is the towing speed (flight at
smaller values Cz) and the position of the glider relative to the towing air-
craft.

Comparing the results of Figure 26 with ‘the results of Figure 23-25 we see
that the most advantageous conditions of towed flight are higher towing speed
(in the glider case considered Vh >1.4 Vmin) and a position of the glider below

the line of flight of the towing aircraft.

9.6. Conclusions. The stability of a glider in towed flight is influenced
by the towing parameters and by the structural and aerodynamic design of the
glider. The considerations of the foregoing sections point to the following
conclusions. '

a. Design. The glider towing attachment should be situated as far as
possible forward from the center of gravity (and insofar as possible above the
center of gravity of the glider). This causes increase in the static margin and
damping of phugoid oscillations, and prevents abrupt variations in the vertical
position of the glider with small movements of the control stick.

st aem ——n

The static margin insuring proper piloting of a glider in free flight is
sufficient for towed flight. '

—_ — acae,

SO |

E e meme— PO

! b. Conclusions deriving from variations in towing parameters. Because of
the possibility of earlier stall of a glider in towed flight, the minimum towing

speed must be determined for the particular glider, Vh min > Vmin

Higher towing speeds insure increase in glider stability.

A glider pgsition below the line of flight of the towing aircraft is more 7100
advantageous, since it causes damping of the phugoid oscillations. ]
s : l
S 'In§tab111ty of the phugoid oscillations or slight divergence of the 4
Ey * aperlodlc_movements may occur in towed flight, but this takes place very slowly
and the pilot can always react with the controls to increase stability.

f—— _
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